INTRODUCTION {#s1}
============

With the rapidly evolving tools of modern genomics, investigators have sought to understand the genetic contributors to neurobehavioral and psychiatric disorders. Autism has received considerable attention on account of the high levels of heritability measured from twin studies as well as the documented increasing prevalence. Recent studies on copy number variants (CNVs) have suggested that rare, large events contribute significantly to autism risk and are found at very low or negligible frequencies in control groups, allowing a statistically significant association for individual variants with disease ([@DDT136C1]). This strategy has successfully identified an ever-growing list of distinct CNVs that confer a significant risk for autism and has revealed a large number of genes or genomic loci that can affect autism susceptibility. Exome sequencing studies have also identified several non-recurrent *de novo* single-nucleotide variants in simplex autism families ([@DDT136C2]--[@DDT136C4]). Several important themes have emerged from these recent genetic studies on autism. First, the number of genes or genomic loci contributing to autism susceptibility is large, now estimated in the hundreds. A recent genome-wide copy number variation analysis projected between 156 and 280 genomic intervals contributing to autism and exome sequencing of over 900 individuals provided an estimate of nearly 1000 contributing genes ([@DDT136C2]--[@DDT136C5]). It is evident that the 'genetic target' contributing toward autism is large and the gene discovery process is still ongoing. Second, the contribution of common variants to autism, at present measured principally as single-nucleotide polymorphisms (SNPs), is modest, making it difficult to use these genetic variants for predicting clinical outcomes ([@DDT136C6],[@DDT136C7]).

While the degree of heritability for autism is still debated, the estimates from the largest twin studies place it at 38--60% of the variance ([@DDT136C8],[@DDT136C9]). The entire catalog of rare deletions and duplications to date accounts for perhaps 5--10% of clinical cases ([@DDT136C10]--[@DDT136C12]), a significant level, but still far short of the level of heritability estimated from twin studies ([@DDT136C13]). Although some of the missing heritability may reside in gene-by-environment and gene-by-gene interactions ([@DDT136C14]), some may still be explained by undiscovered genetic variation, in particular variants of intermediate frequency and penetrance. A recent review of the genetic architecture of psychiatric disorders pointed out a gap between rare, highly penetrant variants represented typically by large (\>1 Mbp) CNVs and common but weakly penetrant common variants represented as SNPs in our current data sets ([@DDT136C15]). The existing genetic paradigms, which will allow the discovery of a single region or locus at a time, have not sufficiently explained the missing heritability and increases in the prevalence of autism ([@DDT136C16]). Although recent studies have shown an elevated frequency of large, rare CNVs in autism, the global load of deletions or duplications in base pairs and its correlation with the clinical manifestations have not been documented. One approach to this problem is a comprehensive CNV analysis that measures all events, without removing common events, and assessing the genetic contribution of these events collectively, as copy number load. In this study, we examined global CNV load and assessed for correlation with clinical outcomes for two independent groups of children with autism, using two separate, but complementary, approaches.

RESULTS {#s2}
=======

We analyzed 274 children with autism and 242 controls ascertained from the CHARGE study ([Supplementary Material, Table S1](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)) ([@DDT136C17]). We restricted our cases to include only those children with an Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic Interview, Revised (ADI-R) confirmed diagnosis of autism. We excluded children with developmental delay but lacking symptoms of autism as well as those with autism spectrum disorder as defined by the CHARGE protocol ([@DDT136C17]). Controls were identified by sampling the general population, using birth records, matching on age, sex and broad geographic region, and then restricting to those who were clinically confirmed to be without autism symptoms and in the normal range of development for age confirmed by clinical assessment.

For CNV analysis, we utilized a custom microarray targeted to 120 genomic regions flanked by segmental duplications at a high probe density (∼2.6 kbp) and with a median probe density of ∼36 kbp across the genomic backbone for comparative genomic hybridization experiments ([@DDT136C10]). Owing to the high sequence identity of segmental duplications, the unique sequence regions between segmental duplications, termed 'genomic hotspots', have a high propensity to undergo rearrangements by unequal crossover leading to deletions and duplications ([@DDT136C18],[@DDT136C19]). In fact, these regions have a 25-fold increase in frequency for undergoing rearrangements compared with the other unique, non-hotspot regions in the genome ([@DDT136C20]) and therefore are useful sites for assessing the rate of genomic instability. Previous empirical estimates indicated a high accuracy (\>99%) and sensitivity for events \>50 kbp within the hotspots and \>300 kbp in the genomic backbone using this microarray platform ([@DDT136C10]). Quality control filtering and validation of the discovered rare pathogenic events were performed as described previously ([@DDT136C10]).

Increased duplication CNV load in children with autism compared with controls {#s2a}
-----------------------------------------------------------------------------

Previous studies have suggested an overrepresentation of large, rare (\>1 Mbp) CNVs in individuals with autism compared with controls or individuals with subtle neurological disorders such as dyslexia ([@DDT136C10]). We hypothesized that although some genetic variants individually may not have a sufficiently large effect to show a statistically significant association with autism, in modest size samplings, these genetic changes might have an impact on disease susceptibility globally. Such global changes in copy number can then be expected to occur in regions prone for recurrent rearrangements, i.e. within genomic hotspots. Moreover, if these events affect autism susceptibility, collectively, there should be a difference in total copy number load between children with autism and unaffected, control individuals.

We measured global changes in copy number as total length, i.e. base pairs of deletion or duplication in each individual, or collectively, as total base pairs of altered copy number (i.e. CNV load). We found that children with autism showed a significant increase in total base pairs of copy number change (deletions and duplications) (unpaired *t*-test, *P* = 0.0003) (Fig. [1](#DDT136F1){ref-type="fig"}A). A complete list of CNVs detected in autism and controls is shown in [Supplementary Material, Tables S2 and S3](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1). When variants were analyzed separately as deletions and duplications, the level of duplication load was significantly (unpaired *t*-test, *P* = 0.0052) elevated in individuals with autism but the deletion load was not (unpaired *t*-test, *P* = 0.3) (Fig. [1](#DDT136F1){ref-type="fig"}A). These findings show that autism is characterized by an increase in duplicated base pairs. We next sought to determine whether this elevated CNV load is independent of potentially pathogenic large CNVs and re-analyzed the data after removing these variants. We defined potential pathogenic CNVs as those that are rare \[\<0.1% (\<8/8629) in the controls population\] and/or those already known to be associated with neurodevelopmental phenotypes ([@DDT136C21],[@DDT136C22]) (see [Supplementary Material, Table S4](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1) for potentially pathogenic CNVs). An increase in CNV load in autism cases compared with controls remained (total load, unpaired *t*-test, *P* = 0.0054), represented principally as duplications (unpaired *t*-test, *P* = 0.032) (Fig. [1](#DDT136F1){ref-type="fig"}B). These findings suggest that autism is associated with an increase in duplications that are common in frequency in addition to an elevated level of rare, large genetic variants ([@DDT136C22]). Figure 1.Copy number load and CNV size distributions for children in the CHARGE cohort. (**A**) Copy number load (Mbp) including all CNV events detected per individual is shown. Plots show duplication, deletion and total load length separately for controls and children with autism. (**B**) Copy number load per individual (deletion, duplication and total load) is shown after removing known and likely pathogenic events. Frequency distribution of total duplications (**C**) and deletions (**D**) for each individual for all events and after removing pathogenic events is also shown as boxplots. Horizontal line shows the median, and box limits represent 25th and 75th percentiles; 'whiskers' represent boundaries of all values within 1.5 SD of the mean. *P*-values were calculated using a *t*-test comparing control individuals and children with autism. Asterisks represent *P* \< 0.05.

We also assessed the distribution of copy number load in the individuals to determine whether the increased duplication load is a consequence of a few outliers with a high degree of copy number changes or is an overall characteristic of the group. Boxplots showing all individuals with the median (central line), 25th and 75th percentile (box) distributions clearly show that the overall distribution of base pairs of duplication is shifted upward for the individuals with autism compared with the general population controls. This shift was not observed for deletions among these samples. The upward shift is also evident after the removal of the potential pathogenic events, showing that the statistically significant level of increased duplication load is not due to a few outlier samples with large events (Fig. [1](#DDT136F1){ref-type="fig"}C and D).

Replication of increased duplication load in an independent sample cohort {#s2b}
-------------------------------------------------------------------------

To replicate these findings in an independent cohort, we reexamined CNV data from 350 individuals with sporadic autism ascertained from the Simons Simplex Collection compared with a set of 337 control subjects ascertained by the NIMH Genetics Initiative ([@DDT136C23],[@DDT136C24]). These samples were analyzed using the same hotspot array platform as the CHARGE samples ([@DDT136C10]). Since there was no bias in the array platforms used, this cohort served as an appropriate replication set. We measured copy number load as base pairs of deletion or duplication per individual both before and after the removal of rare, large events of potential pathogenic significance. Individuals with autism have significantly elevated total copy number load compared with controls (unpaired *t*-test, *P* = 0.012), and duplications (unpaired *t*-test, *P* = 0.013), not deletions (unpaired *t*-test, *P* = 0.28), show statistically increased levels (Fig. [2](#DDT136F2){ref-type="fig"}A--C). Similar to the analysis on the CHARGE cohort, after the removal of known or likely pathogenic events in the Simons Simplex Collection, only the duplication load showed statistical significance (unpaired *t*-test, *P* = 0.045) when the autism group was compared with controls (Fig. [2](#DDT136F2){ref-type="fig"}D, [Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)). In addition, these data show that children with intellectual disability and multiple congenital anomalies, unlike those with autism, have both increased duplication and deletion load compared with controls after the removal of known pathogenic variants (Fig. [2](#DDT136F2){ref-type="fig"}A--D). Figure 2.Copy number load comparison for neurodevelopmental disorders, including the Simons Simplex Cohort of children with autism and individuals with intellectual disability. Copy number load per individual (in Mbp) for controls, children with autism (Simons Simplex Cohort; AU SSC) and children with intellectual disability (ID) or multiple congenital anomalies (MCA) are shown as base pairs of duplications (A), deletions (B) and total load (C). Note that all events, rare pathogenic and common CNVs, were included in this analysis. (**D**) Duplication load for the three groups after the removal of identified pathogenic events is shown. *P*-values were determined using *t*-test comparisons with control individuals. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.

In order to replicate this finding in an orthogonal CNV platform, we re-analyzed CNV data from 1124 autism families reported by Sanders *et al*. ([@DDT136C12]) on Simons Simplex collection. These samples were processed using a high-density Illumina 1Mv1 or 1Mv3 Duo Bead arrays, and CNV predictions were made using PennCNV as described previously ([@DDT136C12]). We calculated the ratio of total base pairs of duplications and deletions among the rare, high-confidence data set of CNVs for each proband compared with their corresponding parents ([Supplementary Material, Fig. S2](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)). We found a \>7-fold increase in duplicated base pairs in the probands, in aggregate, compared with father (mean proband/father ratio = 7.5) or mother (mean proband/father ratio = 7.7) and a more modest increase in deleted base pairs (mean proband/father ratio = 2.3; mean proband/mother ratio = 1.7). These results show a preferential accumulation of duplication load over deletions among children with autism and replicate our findings for the rare, high-confidence set of CNVs detected with a different CNV detection platform.

High-resolution microarray detects increased duplication load contributed by common variants {#s2c}
--------------------------------------------------------------------------------------------

To determine whether a more sensitive assay would uncover significantly greater levels of copy number change, we analyzed 71 autism cases and 71 controls matched for ethnicity and sex using a finely tiled array. Of note, 34 of the autism individuals included in this analysis were from the CHARGE study sample, also evaluated using the genomic hotspot array, whereas the remainder was obtained from the Autism Genetic Resource Exchange (AGRE) study. We selected five highly dynamic, segmental duplication-rich genomic hotspots including 7q11.2 associated with Williams syndrome ([@DDT136C25]), 10q22q23 associated with autism and other developmental deficits ([@DDT136C26]), 15q11.2q13 associated with Prader--Willi/Angelman syndrome ([@DDT136C27]) and autism ([@DDT136C28]), 17q12 associated with renal cysts and diabetes ([@DDT136C29]) and autism ([@DDT136C30]) and 22q11.2 region associated with DiGeorge/velocardiofacial syndrome ([@DDT136C31]). These regions were selected based on the length and size distribution of flanking segmental duplications and severity of the disorders associated with the CNV mapping within these regions. We designed a custom microarray with average probe spacing of one probe every 180 bp providing a CNV size resolution as high as 1--2 kbp (designated as LCR5 array). The sensitivity and specificity of the LCR5 arrays were evaluated by comparing CNV data from two HapMap control samples with CNV data from orthogonal whole-genome platforms reported previously ([@DDT136C32]) (see [Supplementary Material, Fig. S3](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)). Utilizing two complementary CNV detection algorithms and quantitative polymerase chain reaction validations, we estimate a true positive rate between 71.25 and 80% and false positive rate between 5.1 and 6.6% (see Materials and Methods). We performed LCR5 array hybridizations on 71 autism and 71 control subjects matched for age, sex and ethnicity. For the entire 75 Mbp of DNA interrogated by the LCR5 array, the autism samples showed a significantly higher total copy number load (unpaired *t*-test, *P* = 0.032) represented mainly as an increase in total duplication length in base pairs (unpaired *t*-test, *P* = 0.011, autism/control ratio = 1.37) (Fig. [3](#DDT136F3){ref-type="fig"}A and B). The load of deletions was not significantly different between autism cases and controls (unpaired *t*-test, *P* = 0.089). Boxplot representation of the copy number load (Fig. [3](#DDT136F3){ref-type="fig"}B), shown separately as duplications or deletions, reveals that the statistically significant increase in duplication load is not achieved through a few outliers, but rather is reflected in an elevated median and 25th and 75th percentile measures for the group. Twenty of the 71 autism individuals show a greater total length of duplication in the size range of ≥4 Mbp per person, emphasizing that the duplication load detected was not a consequence of a few outliers ([Supplementary Material, Fig. S4](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)). These differences in distributions were not detected for the measures of base pairs of deletion. We note that the amount of copy number variation detected using LCR5 array was greater than the whole-genome hotspot array reflecting the increased sensitivity gained with a finely tiled design. None of the variants detected with this platform included rare or previously identified pathogenic variants, suggesting that the increase in copy number load is contributed by common variants, at least for these five highly variant regions of the genome. Figure 3.Copy number load measures using a high-resolution, finely tiled LCR5 array to examine five SD-rich intervals. (**A**) Copy number load for all events, separated into duplication and deletion load per individual (in Mbp), is shown. (**B**) Total copy number load per individual for all events (in Mbp). \**P* \< 0.05. (**C** and **D**) Frequency distribution for duplications (C) and deletions (D) for each individual for all events and after removing pathogenic variants is shown as boxplots. The graphs show a comparison between controls and individuals with autism. *P*-values were calculated after a *t*-test comparison of cases and controls.

Measures of clinical severity show correlation with levels of copy number load {#s2d}
------------------------------------------------------------------------------

Our data indicate that autism and other neurodevelopmental disorders show an elevated level of global copy number load beyond the increased frequency of rare and large CNVs that have been characterized to date. If this copy number change has an effect on the susceptibility or level of deficit, then we would expect a relationship between the clinical outcome and the level of copy number change. Several measures of neurodevelopmental outcomes were obtained for CHARGE participants, including Mullen Scales of Early Learning (MSEL) ([@DDT136C33]) for cognitive function and the Vineland Adaptive Behavior Scales (VABS) ([@DDT136C34]) for assessments of social and adaptive behaviors on all study children, as well as the direct assessment of autism using the ADOS, given to those recruited with a diagnosis of autism ([@DDT136C35]). We examined the correlation between these clinical assessments and the levels of copy number load, measured as base pairs of deletion, duplication or total load. Negative correlations at significant levels, using the Spearman rank test, were observed for total CNV load as well as duplication load when assessed with VABS scores including communication, socialization and total VABS scores. Table [1](#DDT136TB1){ref-type="table"} shows both corrected and uncorrected *P*-values for the five Spearman correlation tests performed using the VABS scores. We did not observe any significant level of correlation, with and without multiple testing corrections, between copy number load and either MSEL or ADOS scores ([@DDT136C36]) (data not shown). It is of interest that VABS are based on interviews of caregivers and seek to provide a detailed context for the child\'s current functional daily living skills and activities, whereas MSEL and ADOS measures are taken in a 30--40 min assessment that can be affected by the age and attendance-to-task of the subject. Recently, similar observations were also made on autism samples from the Simons Simplex Collection, with the size of the duplication directly correlating with autism severity and with no impact on verbal IQ whereas the size of the deletion inversely correlating with IQ ([@DDT136C37]). Further replication of these results is warranted to fully understand the role of duplications toward autism-specific features. Table 1.Copy number load and VABS correlationsScoreLoadSpearman\'s correlation (*r*)*P*-value (uncorrected)Bonferroni-corrected *P*-value\* (five tests)Vineland totalTotal load−0.16890.00580.029Duplications−0.1260.03380.169Deletions−0.0320.3251SocializationTotal load−0.15750.00930.0465Duplications−0.13760.02320.116Deletions−0.00740.45821CommunicationTotal load−0.19750.00160.008Duplications−0.120.04760.238Deletions−0.0650.17650.8825Daily living skillsTotal load−0.12650.030.15Duplications−0.06120.1880.94Deletions−0.05560.2161Motor skillsTotal load−0.0990.06920.346Duplications−0.0920.090.45Deletions0.00170.491[^1]

Novel potentially pathogenic CNVs found in the CHARGE cohort {#s2e}
------------------------------------------------------------

A number of CHARGE study children with a diagnosis of autism were found to have CNVs not previously reported and not found in an additional set of 8329 control individuals ([@DDT136C22]). We report these rare variants (Table [2](#DDT136TB2){ref-type="table"}) in order that other studies can attempt to replicate these events to determine their contribution to autism susceptibility. Table 2.Rare CNVs detected in children with autism from CHARGE cohortChr. bandStartEndSizeCNVSample IDEthnicityMullenVinelandInheritanceCommentsReference4q32.3166 240 300169 876 2743 635 974Del45804101669Hispanic4955PaternalNovel event not found in 8329 controls or 15 767 DD. Includes *SPOCK3* and *KLHL 2*([@DDT136C22])15q11.2q1218 259 36026 226 6397 967 279Dup19305103869Mixed4950--Represents classic duplication found in 1--3% of all autism cases; 0 out of 8329 controls and 27 out of 15 767 DD cases([@DDT136C28],[@DDT136C42])15q11.2q1220 812 15326 225 8405 413 687Dup17209111199Caucasian4957*De novo*15q11.2q1221 226 84326 242 5965 015 753Dup60905104617Mixed4950--15q13.328 913 09230 246 2541 333 162Dup9106105625Caucasian4955--Duplication involving *CHRNA7*([@DDT136C43],[@DDT136C60])17q1232 539 34032 627 77788 437Dup8203100466Mixed4951--Observed 0 out of 8329 controls, 1 out of 15 767 DD([@DDT136C22])16p11.228 624 76829 080 269455 501Dup8203100466Mixed4951PaternalImplicated in AU, schizophrenia, ID. Observed: 2 out of 8329 controls, 28 out of 15 767 DD([@DDT136C22],[@DDT136C44],[@DDT136C45],[@DDT136C61])1q21.1143 665 017144 529 218864 201Del607107598Caucasian11177*De novo*Observed: 2 out of 8329 controls, 19 out of 15 767 DD([@DDT136C22],[@DDT136C62])4q13.162 808 30564 394 3931 586 088Dup38108110540Asian4948*De novo*Observed: 0 out of 8329 controls, 1 out of 15 767 DD. Duplication 3′ to *EPHA5* associated with autism([@DDT136C22],[@DDT136C45])10q11.2350 094 94750 388 501293 554Dup8705102962Caucasian6168MaternalNovel duplication encompassing *DRG11*. Observed: 0 out of 8329 controls, 0 out of 15 767 DD([@DDT136C22])7q11.2268 528 12969 368 926840 797Del52104101908Caucasian5371*De novo*Includes *AUTS2*. Observed: 0 out of 8329 controls([@DDT136C22],[@DDT136C63])6q22.31120 625 209122 799 0342 173 825Dup29806106231Caucasian11487MaternalDuplication spanning *GJA1*.Observed: 0 out of 8329 controls([@DDT136C22])[^2]

### 4q32.3 deletion {#s2e1}

A 3.6 Mbp, paternally inherited deletion was detected in one autism proband. No clinical phenotypes were reported for the father. This is a novel CNV not observed in 15 767 developmental delay (DD) children or 8329 controls ([@DDT136C22]). A large, 19 Mbp *de novo* deletion associated with autism has been reported for this region, indicating that this genomic interval may contribute to autism and other behavioral disorders ([@DDT136C38]).

### 4q13.1 duplication {#s2e2}

We detected a *de novo* 1.5 Mbp duplication in a child with autism near the *EPHA5* gene. Previous genome-wide association study analysis identified a marker near *EPHA5* that had a significant association with autism ([@DDT136C39]).

### 10q11.23 duplication {#s2e3}

A novel 290 kbp maternally inherited duplication spanning the *DRG11* gene was detected in an individual with autism. This CNV was not detected in any controls or DD individuals ([@DDT136C22]).

### 6q22.31 duplication {#s2e4}

We detected a 2.1 Mbp duplication spanning the *GJA1* gene. Loss of *GJA1* function is responsible for oculodentodigital dysplasia, and mutations at this locus have been associated with Sudden Infant Death Syndrome ([@DDT136C40],[@DDT136C41]). The detection of a duplication affecting this channel gene, connexin43, suggests that gain-of-function mutations could have different neurodevelopmental and behavioral consequences.

Known potentially pathogenic CNVs found in the CHARGE cohort {#s2f}
------------------------------------------------------------

The detection and mapping of CNVs in 516 autism and typically developing individuals provided the opportunity to evaluate the representation of CNVs previously reported with autism in this ethnically diverse cohort from California.

### 15q11--13 duplications {#s2f1}

We identified three individuals with autism carrying 15q11.2q13 duplications. These duplications are perhaps one of the common genomic causes for autism occurring in 1--3% of cases ([@DDT136C28],[@DDT136C42]); the frequency (3/256, 1.2%) of this CNV in our study is therefore consistent with previous reports. One of these events was *de novo*, and for the other two children, parental DNA was not available. We also detected 15q13.3 duplications in two autism probands encompassing *CHRNA7*. A recent study of a large set of individuals with duplications in this interval makes the direct association of these CNVs with autism uncertain but suggests the possibility that it is a common disease-contributing variation ([@DDT136C43]).

### 16p11.2 duplication {#s2f2}

We detected a paternally inherited 450 kbp 16p11.2 duplication in an autism proband. This variant has been associated with autism, schizophrenia and intellectual disability ([@DDT136C44],[@DDT136C45]). Earlier work has found this variant in 28 out of 15 767 cases of developmental delay cases and 2 out of 8329 controls (*P* = 0.0004; OR = 7.41).

### 7q11.22 deletion {#s2f3}

We also detected in one individual an ∼840 kbp deletion that includes the *AUTS2* gene. Translocations that disrupt *AUTS2* have been reported in autistic twins ([@DDT136C46]) and children with cognitive deficits ([@DDT136C47]). Our finding provides additional data supporting a role for functional changes in this gene contributing to autism susceptibility.

DISCUSSION {#s3}
==========

Recent progress in understanding the genetic underpinnings of autism has provided some unexpected results and outlined the challenges that remain toward understanding autism. First, it is clear from both copy number and single-nucleotide variant analysis that, at the molecular level, autism is a very heterogeneous disorder. The genetic target for autism is now estimated in the hundreds to thousands of genes or genomic loci. Second, it would appear that genetic variants associated with autism are rarely unique to the disorder. A number of genomic regions that have a significant role in autism are associated with substantial clinical heterogeneity ([@DDT136C48]), including intellectual disability, seizure disorder, schizophrenia and developmental delay. These findings indicate that there will likely be few autism-specific genes, but rather a collection of genes affecting the phenotypes associated with autism, principally language and socialization deficits. Third, the autism-associated genetic variants discovered thus far only begin to account for the estimated heritability, emphasizing there is a great deal of genetic heterogeneity yet to be uncovered. Finally, the incidence of autism reported is increasing ([@DDT136C49]) and there is no biological model to account for these epidemiological findings. As an alternative to the traditional approach of searching for the enrichment of individual genetic variants associated with autism, we performed a genome-wide CNV study of two independent cohorts based on a hypothesis that children with autism will exhibit global increases in copy number variation, particularly in those regions of the genome prone to rearrangement. This search for relatively large variants (\>50 kbp) both across the genome and within unstable segment of the genome was bolstered by a high-resolution analysis (CNVs \>2 kbp) using a finely tiled array of five segmental duplication-rich intervals where rare variants are known to contribute to behavioral disorders.

We analyzed total base pairs of copy number change in a total of 624 children with autism compared with 579 controls. Our analysis draws from two independent groups of children with autism: the population-based case--control CHARGE study, and the Simons Simplex Cohort. These two groups of children were assessed with a microarray that provides coverage of the entire genome at 300 kbp resolution, and for 120 SD-rich intervals prone to rearrangement, a resolution of 50 kbp. In addition to the whole-genome assessment, we examined five SD-rich intervals at high resolution (\>1 kbp) in 142 autism cases and controls matched for ethnicity and sex. In all three of these studies, children with autism exhibited a significantly elevated copy number load, represented principally as an increase in duplicated base pairs found in large CNVs (\>200 kbp) ([Supplementary Material, Fig. S5](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)). The level of deletion load was not different from controls for these cohorts. These findings were further replicated by analysis of published data that examined rare, high-confidence CNVs in 1024 Simons Simplex trios using a 1 million feature Illumina array ([@DDT136C12]). This analysis, comparing copy number load as the ratio of base pairs of deletion or duplication in proband to parent, showed an ∼7-fold increase in duplication base pairs and roughly a 2-fold increase in deletion base pairs. Consistent with previous reports on an increase in *de novo* CNV load ([@DDT136C50]), we find that the increase in global CNV load from data from Sanders *et al*. is mainly due to *de novo* events in the affected child. This preponderance of duplication load further emphasizes the large contribution of duplication events to autism.

In the autism cases, the majority of copy number load is represented as large duplications, in contrast with ID/MCA, where both large deletions and duplications are increased compared with control groups. These findings suggest that deletions are typically associated with more severe phenotypes (ID/MCA), and that autism, on average, is associated with genomic variants with more modest functional impact, namely duplications. This conclusion is supported by the observation that there is no elevated load of large, rare events in children with dyslexia, a neurological disorder with a relatively narrow set of deficits ([@DDT136C10]). Our results, therefore, validate the previously observed graded distribution of phenotypic severity correlating with levels and type of copy number variation.

Significant levels of duplication load remained even after the removal of rare, potentially pathogenic variants for autism and ID/MCA, suggesting some contribution from variants occurring at higher frequencies than the large, highly penetrant CNVs classified as pathogenic. Current studies have overlooked variants of intermediate penetrance and frequency because of the practice of removing common variants from CNV studies and focusing only on those individually rare variants with high penetrance. In a recent review of the genetic architecture of psychiatric disorders, it was pointed out that our current understanding includes rare variants (CNVs) of high penetrance and common variants of low penetrance (SNPs) but little about the variants of intermediate penetrance ([@DDT136C15]). The variants we have detected, and assessed collectively as copy number load, are likely to encompass all types, including those of intermediate penetrance and frequency ([Supplementary Material, Fig. S5](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)).

Among the CHARGE study children with autism, we found significant negative correlations between the level of copy number load and socialization and communication modules of the VABS. In contrast, no such significant correlations were found for ADOS or Mullen scores. These findings suggest that measures of adaptive skills provide a very sensitive assessment of functional change. A comparison of VABS and ADOS scores for children assessed in two different clinical centers showed VABS to be significantly reduced in high functioning autistic children with normal IQ scores. In addition, there was only a weak correlation between VABS and ADOS scores ([@DDT136C51]). Indeed, Klin *et al.* ([@DDT136C51]) suggested the VABS may be particularly useful in genetic studies of autism since it was designed to assess graded changes in adaptive ability, including the normal range of function, whereas ADOS measures were designed to identify disability, and may therefore not be as sensitive to some functional deficits.

Increased duplication load associated with autism can be explained by more than one mechanism. It is known that deletions are generally deleterious and duplications are relatively well tolerated in the genome; our observations suggest a selection bias toward duplication in autism. In fact, SD-rich regions where deletions have been associated with developmental delay often have reciprocal duplications that produce autistic features. Examples include reciprocal duplication of the Williams syndrome region and 17p11.2 duplication or Potocki--Lupski syndrome, which is a reciprocal duplication of the Smith--Magenis syndrome interval. Notably, one of the first CNVs identified as predisposing for autism is the reciprocal duplication of the Prader--Willi/Angelman syndrome region on chromosome 15q11.2q13.1. Alternatively, the elevated level of duplication could be not only due to selection, but ascertainment; namely, the generation of these variants could be increased in the autism population. Segmental duplication-rich intervals possess an inherent instability and it is possible that these segments of the genome show an additional propensity to change in the autism population either from genetic or environmental causes. There are several factors that could contribute to genomic instability, including imbalances in DNA replication or recombination mechanisms ([@DDT136C52]), maternal and paternal age ([@DDT136C53],[@DDT136C54]) and DNA methylation ([@DDT136C55]). It is notable that perinatal vitamin/folate supplementation, which would potentially increase DNA methylation levels, is associated with a lower autism incidence ([@DDT136C56]). Given the large genetic target of neurodevelopmental disorders, estimated in the hundreds or even thousands of genomic loci, it stands to reason that anything that increases genomic instability could contribute to the genesis of these disorders.

MATERIALS AND METHODS {#s4}
=====================

Ethics statement {#s4a}
----------------

Patients from each of study cohort were recruited after appropriate human subjects\' approval and informed consent.

DNA samples {#s4b}
-----------

All samples were obtained after informed written consent and in accordance with IRB protocols at all facilities. Autism patients\' DNA samples were acquired from the CHARGE study ([@DDT136C17]) conducted through the Medical Investigation of Neurodevelopmental Disorders (MIND) Institute at UC-Davis, and from the AGRE Repository ([@DDT136C57]). All patients for CHARGE and AGRE cohorts were selected based on meeting full criteria for Autistic Disorder (AU) (OMIM 209850) using ADOS, ADI-R and/or DSM-IV-TR criteria. The ADOS instrument consists of a series of structured and semistructured presses for interaction, accompanied by coding of specific target behaviors associated with particular tasks and by general ratings of the quality of behaviors ([@DDT136C58]). Based on documentation in the AGRE database, efforts were made to exclude patients with syndromic autism and known genetic causes of autism, including fragile X syndrome (OMIM 300624). Samples from the CHARGE study were screened for fragile X syndrome by PCR ([@DDT136C59]). For the custom targeted hotspot array study, samples only from CHARGE study participants were used. In summary, 274 autism and 242 control samples were hybridized, of which 243 and 223 passed QC criteria ([@DDT136C10]) and were included in the final analysis. Based on self-reported ethnicity, this cohort consists of 52% of individuals of European descent, 28% Hispanic, 2% African or African-American ancestry, 5% Asian ancestry and the remaining 12% of mixed ancestry ([Supplementary Material, Table S1](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1)). The finely tiled analysis using the LCR5 array included a total of 71 autism patients, 37 samples from the MIND Institute and 34 samples from the AGRE repository, with a total of 34 Caucasian males, 21 Hispanic males, 8 Caucasian females and 8 Hispanic females. Typically developing control DNA samples were obtained from the MIND Institute, the University of Minnesota Psychology Department and the CEPH Utah Pedigree (Centre de\'Etude du Polymorphism Human, Coriell Institute for Medical Research, Camden, NJ, USA). DNA samples from the CHARGE study participants and the University of Minnesota were from whole blood, whereas the CEPH and AGRE samples were from transformed lymphoblastoid cells. A total of 71 controls, matched to the autism patient sample set based on gender and ethnicity, were included in this study, with a total of 40 samples from the MIND Institute, 28 samples from the University of Minnesota collection and 3 samples were obtained from the CEPH collection.

Custom targeted hotspot analysis {#s4c}
--------------------------------

Custom targeted hotspot arrays comprised 135 000 probes (Roche NimbleGen), with higher density probe coverage (median probe spacing 2.6 kbp) in the genomic hotspots (regions flanked by segmental duplications) and a lower probe density in the genomic backbone (median probe spacing 36 kbp). Hybridization, quality control and segmentation analysis were all conducted as previously described ([@DDT136C10]). All potentially pathogenic events detected with the hotspot array were confirmed with the higher resolution Agilent hotspot 2 × 400K array according to the manufacturer\'s instructions.

LCR5 finely tiled array design and data analysis {#s4d}
------------------------------------------------

We designed a custom 385K oligonucleotide array from Roche NimbleGen Systems, Inc. (Madison, WI, USA) targeting five genomic regions with an average probe density of one probe every 120 bp in segmental duplication-containing regions and one probe every 200 bp in unique sequence regions. Probe sequences were based on Build 36 (Hg18) of the human reference genome. In SD-containing regions, probes were required to have a minimum of one unique nucleotide per probe; probes in unique sequences were required to have at least five unique nucleotides per probe. The five genomic regions were chr7: 61 058 424--82 000 033 (20.9 Mb), chr10: 77 000 071--91 999 959 (15.0 Mb), chr15: 18 260 026--34 999 973 (16.7 Mb), chr17:12 000 112--22 187 066 (10.2 Mb) and chr22: 14 430 001--26 000 041 (11.6 Mb). SD-containing regions accounted for 24.5% of the sequence on the array (18.2 out of 74.4 Mb). Details for LCR5 experimental methods, including platform comparisons and CNV calling criteria, are provided in the [Supplementary Material, Methods](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1).

Enrichment analysis for unique and sequences embedded within segmental duplications {#s4e}
-----------------------------------------------------------------------------------

To identify the location of deletion, duplication or total copy number load, sequences within a CNV were parsed in to those that are entirely unique, those containing segmental duplications and unique sequences and segmental duplication-only sequences. Enrichment statistics were calculated for total base pairs of deletion or duplication for each of these categories.

Statistical analysis of CNV load {#s4f}
--------------------------------

Statistical comparison of copy number load data described in this study was performed using the unpaired *t-*test reporting two-sided *P*-values.

SUPPLEMENTARY MATERIAL {#s5}
======================

[Supplementary Material is available at *HMG* online](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt136/-/DC1).
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[^1]: \*Cutoff for corrected (for five tests) *P*-value = 0.01.

[^2]: DD, developmental delay.
